Zonulin is considered a biomarker of increased intestinal permeability, and elevated levels have been found in celiac disease. The primary aim of this study was to examine the association between serum zonulin levels and gastrointestinal (GI) symptoms, and secondarily, between zonulin levels and anthropometric and metabolic factors. The offspring (n = 363) of the participants of the Malmö Diet and Cancer cardiovascular cohort (MDC-CV) were invited to an anthropometric and clinical examination, where fasting plasma glucose levels were measured. Questionnaires about lifestyle factors and medical history were completed along with the Visual Analog Scale for Irritable Bowel Syndrome (VAS-IBS). Zonulin levels were measured in serum by ELISA. Neither GI symptoms nor GI diseases had any influence on zonulin levels. Higher zonulin levels were associated with higher waist circumference (p = 0.003), diastolic blood pressure (p = 0.003), and glucose levels (p = 0.036). Higher zonulin levels were associated with increased risk of overweight (p < 0.001), obesity (p = 0.047), and hyperlipidemia (p = 0.048). We cannot detect altered zonulin levels among individuals reporting GI symptoms or GI diseases, but higher zonulin levels are associated with higher waist circumference, diastolic blood pressure, fasting glucose, and increased risk of metabolic diseases.
Introduction
The spaces between epithelial cells are controlled by at least four intercellular junctions that regulate the paracellular intestinal permeability. Tight junctions are the best well-described junctions, and these junctions are regulated by over 50 proteins [1] . Zonulin is the only measurable blood protein that reflects the intestinal permeability, and increased zonulin levels are considered to be a marker of impaired intestinal barrier [2, 3] . Zonulin is the eukaryotic counterpart of the Vibrio cholerae zonula occludens toxin [4] . Human zonulin (47-kDa protein) is identical to prehaptoglobin-2, and binds to the epidermal growth factor receptor (EGFR) and protease-activated receptor 2 (PAR2) in the intestinal epithelium. This complex initiates phosphorylation of zonula occludens proteins, and leads to the small intestine's tight junction disassembling [5] . Zonulin is secreted mainly from the liver, but also from enterocytes, adipose tissue, brain, heart, immune cells, lungs, kidney, and skin [6, 7] . The secretion
Results

Subject Characteristics
In the study, 363 subjects were included and their blood samples were collected, 177 (49%) males and 186 (51%) females. Of these, 238 (66%), had completed the study questionnaire and 235 (65%) the VAS-IBS as well. Higher age in those who completed the questionnaire (44 (30-54) years vs. 37 years; p = 0.026) was the only difference observed in the measured parameters between those who completed or did not complete the questionnaires. Most subjects were middle-aged with normal body mass index (BMI), and with blood pressure and fasting glucose levels within reference ranges (Table 1) . One-third of the subjects were living alone, and less than half of them had a university degree. The vast majority were working. A minority were smokers or had a high alcohol consumption. The majority had an occupation which required light physical activity, and had moderate to regular physical activity during their leisure time (Table 2) .
Of the 238 participants who completed the VAS-IBS, 44 (18%) individuals had had GI symptoms during the last 2 weeks. Bloating and flatulence was the most pronounced symptom, followed by abdominal pain (Table 3) . Functional dyspepsia was the most common GI disease (n = 42), followed by IBS (n = 40), and reflux (n = 33) ( Table 4) . 
Zonulin Values
There was no difference in serum levels of zonulin between gender (p = 0.137). Weight, BMI, waist and hip circumference, blood pressure, and fasting plasma glucose levels correlated with zonulin levels (Table 1) , whereas socio-economic factors and life style habits did not influence zonulin levels ( Table 2) . GI symptoms or psychological well-being did not correlate with serum values of zonulin (Table 3) .
Subjects with any history of organic GI diseases, i.e., celiac disease, Crohn´s disease, lactose intolerance, reflux, ulcer, or ulcerative colitis (n = 54), had the same zonulin levels as those without (53.6 (47.9-63.4) ng/mL vs. 53.6 (44.0-62.7) ng/mL; p = 0.566), as was also true for those with any functional GI symptoms, i.e., functional dyspepsia or IBS (n = 61), compared with those without (52.7 (46.2-59.7) ng/mL vs. 53.7 (44.2-63.7) ng/mL; p = 0.530). Also, when only participants with present GI diseases, namely celiac disease, Crohn´s disease, and ulcerative colitis were calculated together (n = 7), there was no difference compared with healthy participants (57.6 (47.7-65.6) ng/mL vs. 53.6 (44.2-62.8 ng/mL; p = 0.476). The presence of GI symptoms during the last 2 weeks (n = 44) did not affect zonulin levels (52.3 (41.6-59.0) ng/mL vs. 54.5 (45.2-63.6) ng/mL; p = 0.297). Presence of diarrhea (n = 35) during the last 2 weeks did not affect zonulin levels (53.6 (47.2-59.1) ng/mL vs. 53.8 (45.0-63.5) ng/mL; p = 0.636).
When examining the associations of zonulin levels with continuous values such as age, gender, height, weight, BMI, waist and hip circumference, blood pressure, and fasting plasma glucose levels, all but age, gender, and height were associated with zonulin levels (Table 5) . After adjusted calculations, higher waist circumference, diastolic blood pressure, and fasting glucose levels were independent risk markers of elevated zonulin levels ( Table 5 ).
The calculation of differences between healthy individuals and subjects suffering from different risk conditions showed that subjects with overweight, obesity, hyperlipidemia and hypertension had higher zonulin levels compared with healthy subjects (Table 4) .
When divided into participants suffering from overweight, obesity, diabetes, hyperlipidemia and/or hypertension (n = 143) or healthy (n = 220), the median values of zonulin were 56.8 (45.8-68.6) ng/mL vs. 53.0 (44.2-61.9) ng/mL (p = 0.008).
In a logistic regression model, higher zonulin levels were associated with increased risk to suffer from overweight (OR = 4.10 for highest compared with lowest quartile; 95% CI = 1.87-8.97), obesity (OR = 4.90 for highest compared with lowest quartile; 95% CI = 1.49-31.65), and hyperlipidemia (p for continuous values = 0.048), after adjustment for confounders (Table 6 ). The number of subjects was 363 for the variables overweight and obesity and 238 for other variables. Zonulin values (ng/mL) were divided into quartiles or logarithmic for continuous values. The logistic regression adjusted for diastolic blood pressure (mm·Hg), fasting glucose levels, and waist circumference (cm). In the statistical calculations, the definition of overweight included all subjects with BMI ≥ 25 kg/m 2 and the definition of obesity included all subjects with BMI ≥ 30 kg/m 2 . Overweight and obesity were only adjusted for diastolic blood pressure (mm·Hg) and fasting glucose levels; hypertension was only adjusted for waist circumference and fasting glucose levels; and diabetes was only adjusted for waist circumference and diastolic blood pressure. OR = odds ratio, CI = confidence interval.
Discussion
The main findings of the present observational study in mostly middle-aged subjects were the associations between increased zonulin levels and increased waist circumference, diastolic blood pressure, and fasting plasma glucose levels. No associations between zonulin levels and GI symptoms or GI diseases could be detected in the present study. There were also associations between higher zonulin levels and increased risk of overweight, obesity, and hyperlipidemia.
The associations between zonulin levels and higher waist circumference, as well as elevated blood pressure and glucose levels, are in accordance with previous smaller studies which have shown that zonulin correlates with BMI, waist-to-hip ratio, plasma levels of glucose, cholesterol, triglycerides, tumor necrosis factor (TNF), systolic blood pressure, and insulin resistance [13, 14, 20] . Malyszko et al. [20] found a correlation between systolic blood pressure and zonulin, but patients with hypertension did not have higher levels compared with controls; these findings are in line with the present results when adjusted for confounders. The present weak association between zonulin levels and increased risk of hypertension and hyperlipidemia may depend on an under-powered study.
Zonulin is identical to prehaptoglobin-2 [5] and has been introduced as a serum biomarker reflecting intestinal permeability [2] . However, zonulin is secreted not only from enterocytes; it has been described in several extra-intestinal tissues, e.g., adipose tissue, brain, heart, immune cells, liver, lungs, kidney, and skin [6, 7] . Thus, the levels of zonulin in serum do not only reflect intestinal secretion, but also secretion from other organs. Obese children with non-alcoholic fatty liver disease (NAFLD) had higher zonulin levels than obese children without NAFLD. The zonulin levels correlated with the degree of steatosis [16] . An increased release of zonulin from abdominal adipose tissue and liver may explain the elevated serum levels in overweight [6, 7] , with or without liver steatosis, and its correlation with waist circumference. For comparison, the liver is the main source of haptoglobin in serum [18] . In analogy with zonulin, haptoglobin levels have been shown to correlate with BMI and to be elevated in obesity [21] . Increased haptoglobin levels were found in subjects with elevated blood pressure, elevated glucose levels, or metabolic syndrome [22] . Thus, haptoglobin is considered a biomarker of these conditions [21, 22] . Obesity and metabolic syndrome are considered to render a low-grade systemic inflammation [23] . Both zonulin and haptoglobin activate the complement system in vitro [24] , and haptoglobin has been shown to be an independent determinant of CRP levels [21] . Altogether, the findings observed so far in the present and other studies of an association between increased levels of zonulin and elevated risk of overweight, obesity, and hyperlipidemia, suggest that elevated zonulin levels may rather be a biomarker of obesity, metabolic syndrome, and low-grade inflammation, than of increased intestinal permeability [3, 13, 14, 16] . However, the degree of increased intestinal permeability during these conditions has to be determined, to try to identify the etiology behind and source of the elevated zonulin levels.
Zonulin has been reported to regulate tight junctions and intestinal permeability [5] . Nonetheless, more than 50 different proteins are participating in this regulation, and caution must be taken before considering serum zonulin as a sole biomarker of intestinal permeability [1] . To our knowledge, a direct comparison between zonulin and the lactulose:mannitol test has only been performed in one human study that examined patients with type 1 diabetes where zonulin measured as ng/mg total protein was correlated with urine concentration of the sugar probes [3] . Since patients with type 1 diabetes often display both low protein values in serum, hyperlipidemia, overweight, hypertension, and an impaired kidney function, several confounders may have influenced the results. In addition, obese subjects have an elevated glomerular filtration rate (GFR), and this may be reflected in a higher amount of excreted glucose as a consequence of glomerular hyperfiltration, rather than being a consequence of high intestinal absorption [25] . Accordingly, zonulin did not correlate with the lactulose:mannitol ratio in a rat model [26] . The assumption from epidemiologic and cross-sectional studies that zonulin levels reflect the degree of intestinal permeability [2, [12] [13] [14] must be further examined in healthy subjects under well controlled conditions. We have previously demonstrated that there is no correlation between serum and feces levels of zonulin [17] . Thus, feces zonulin may be more associated with intestinal permeability, since secretion of zonulin from the intestinal barrier my leak into the lumen, whereas serum zonulin originates from several different tissues [6, 7] .
Apart from regulating the intestinal epithelium, zonulin also participates in the regulation of extra-intestinal epithelia and vascular endothelium, which also contain tight junctions [27] . Zonulin is of importance in regulation of permeability across all endothelial and epithelial surfaces, e.g., brain, intestinal epithelium, and lung tissue [2, 24, 28] . Hyperglycemia causes tissue damage and fosters the development of endothelial dysfunction [29, 30] . This endothelial dysfunction strictly correlates with insulin resistance and inflammation [31] . The correlation between zonulin and blood pressure and glucose levels in this population-based cohort consisting of mainly healthy persons may indicate that blood pressure, and thereby the vascular tension and glucose and insulin concentrations may induce and/or regulate zonulin secretion from the blood vessels also during physiological conditions.
Although some correlations between zonulin and food components and excess energy intake have been described by some authors [13] , this has not been found by others [15, 16] . This depends on overweight, blood pressure, and lipid values that may interfere with effects induced by food components, and must be adjusted for when evaluating dietary factors. A dietary intervention in type 2 diabetes rendered higher zonulin levels in serum, albeit improved anthropometric and metabolic parameters [17] . The present study did not adjust for dietary factors, which is a limitation. The zonulin levels in general were higher in the present study compared with the data from the manufacturer when only 40 subjects were examined.
The degree of correlation between zonulin and inflammation and between zonulin and epithelial permeability still remains to be determined. Nonetheless, the conclusion from this and other studies in the field indicate elevated zonulin levels to be a biomarker of poor health. Zonulin could possibly be used clinically as a marker of the metabolic syndrome in the same way as described previously for the mature haptoglobin molecule [21, 22] . Zonulin may be secreted secondary to impaired metabolism and exert anti-inflammatory effects, protecting the tissue from injury, in the same way as haptoglobin does [7] . Activation of the complement system and increased endothelial/epithelial permeability facilitates leakage of inflammatory cells into the damaged tissue [8, 24] . Thus, zonulin secretion may reflect a protective mechanism and must not be a toxic product by itself. Further research has to determine the effect of zonulin on the endothelial and epithelial functions.
One limitation of the present study is the small study cohort, with few subjects suffering from GI symptoms or GI diseases. However, the prevalence of GI symptoms was in the magnitude as could be expected in a cohort representing the general population [9] . A larger cohort of subjects with GI diseases could possibly have revealed altered serum levels of zonulin in this cohort. Nevertheless, this small cohort could show statistically significant differences between patients with obesity and hyperlipidemia, although these conditions were present in fewer subjects, suggesting that serum zonulin is more important to reflect metabolic factors than GI factors. The hypothesis that serum zonulin could be used in the clinical practice to detect and follow patients with GI symptoms is not supported by the present findings.
Material and Methods
The subjects were treated according to the Helsinki declaration and the study was approved by the Regional Ethics Review Board at Lund University (Ref No 2012/594; 5 December 2012), Lund, Sweden. All subjects gave their written, informed consent before entering the study.
Study Subjects
All men and women living in Malmö, Sweden between 1991 and 1996, born between 1923 and 1950, were invited to participate in a population-based prospective cohort study. This cohort constitutes the Malmö Diet and Cancer Study (MDCS) [32] . Altogether, 28,098 participants completed all of the baseline examinations. From this cohort, 6103 individuals were randomly selected and comprises the Malmö Diet and Cancer cardiovascular cohort (MDC-CV). We plan to invite most of the offspring (children and grand-children) to subjects participating in the MDC-CV study cohort at baseline (n = 6103), after identification based on official register information. At the time of the present examination, 1500 subjects had attended (participation rate 45%).
Study Design
Subjects were invited to an anthropometric and clinical examination including measurement of weight (kg) and height (m) in light indoor clothing, waist and hip circumference (cm), blood pressure (mm·Hg) (Omron ® automatic reading, after 10 min supine rest and 5 min standing, mean of two readings), and pulse rate (beats and min) at the Clinical Research Unit (CRU), Skåne University Hospital, Malmö, Sweden. All participants had to complete a study questionnaire including questions on family history, socio-economy, lifestyle factors, medical history, and the Visual Analog Scale for Irritable Bowel Syndrome (VAS-IBS) with questions about GI symptoms. Fasting blood samples were collected for measurements of glucose in plasma and zonulin in serum.
Questionnaires
Study Questionnaire
This questionnaire included questions on family history, medical history, lifestyle, educational achievement, intellectual and cultural activities, stress, self-perceived age, and social factors. This questionnaire is web-based and linked in structure and design to more or less similar questionnaires used by other large current population-based and on-going screening projects in Sweden (i.e., LifeGene, EpiHealth, BIG-3, SCAPIS).
Visual Analog Scales for Irritable Bowel Syndrome
The Visual Analog Scale for Irritable Bowel Syndrome (VAS-IBS) was used to investigate GI complaints. It is a validated questionnaire for estimation of the most common GI complaints that patients with non-organic, functional bowel disease experienced during the previous 2 weeks [33] . This scale has also been validated for estimation of symptoms over time [34] . The seven items measured in the VAS-IBS address the symptoms of abdominal pain, diarrhea, constipation, bloating and flatulence, nausea and vomiting, psychological well-being, and intestinal symptoms´influence on daily life. These items were measured on a scale from 0-100, where 0 represents severe problems and 100 represents a complete lack of problems.
Blood Sampling
All samples consisted of whole blood and were drained into ethylenediaminetetra-acetic acid (EDTA) glass tubes (BD Microtainer, Franklin Lakes, NJ, USA) or into serum separate tubes (SST) (BD Microtainer) in the morning after a 10-h fast. Measurements of glucose were performed from blood in EDTA tubes by HemoCue © (HemoCue AB, Ängelholm, Sweden). Plasma glucose is equivalent to capillary measured glucose. The other samples were immediately cooled and centrifuged at 3000 rcf for 10 min. Serum was harvested and stored at −80 • C until analyzed for the concentrations of zonulin within 4 months.
Zonulin Measurement
The zonulin concentration was determined by using an ELISA kit (Immundiagnostik AG, Bensheim, Germany, batch No. K5601-150513). The assay used the competitive binding technique. Biotinylated zonulin tracer was added to the samples, standards, and controls as a competitor to the sample's own zonulin. The intensity of the color was inver¬sely proportional to the zonulin concentration in the sample. Samples were read at 450 nm, and the 4-parameter algorithm was used to form the standard curve and to calculate data. All tests were carried out in duplicate. Zonulin concentration is presented in ng/mL. Based on the manufacturer´s studies of serum samples of apparently healthy persons (n = 40), a mean value of 34 ± 14 ng/mL was estimated. Inter-assay coefficient of variance (CV) were 13.3% and 13.6% for the lowest and highest control, respectively, and intra-assay CV were 3.4% and 6.0% for the lowest and highest control, respectively.
Data Categorization
Educational level was divided into primary school, upper secondary school, and university degree. Occupation was divided into working, retirement, student, sick leave, and unemployed. Marital status was divided into single and cohabitation. Subjects were classified to suffer from over-weight when BMI was ≥25.0 kg/m 2 , and from obesity when BMI was ≥30.0 kg/m 2 [35] . The individual symptoms in the VAS-IBS scale was defined to be present when the score was below median values of reference values in healthy controls [36] .
Smoking habits were categorized into four groups: never smokers (or less than 100 cigarettes in total), regular smokers, sporadic smokers, and former smokers. The frequency of alcohol drinking was categorized into never, ≤1 time per month, 2-3 times per month, 2-3 times per week, or ≥4 times per week. The amount of standard drinks on such a typical day was divided into nothing, 1-2 glasses, 3-4 glasses, 5-6 glasses, 7-9 glasses or ≥10 glasses. Occupational activity was set to very light, light, moderate heavy, and very heavy. Activity during leisure time was divided into mostly sitting, moderate activity, regular exercise, and regular training. Self-reported stress was divided into stress during the previous year and during the last 5 years.
Statistical Analyses
The data was analyzed using the software SPSS, IBM, North Castle, NY, USA, version 23.0 for Windows.
The continuous variables were not normally distributed and were therefore categorized and presented as medians (interquartile ranges (IQR)). Zonulin levels were also logarithmically transformed and categorized into above or beneath median value. Spearman´s correlation test was used for correlations between zonulin and continuous variables, and Kruskal-Wallis test or Mann-Whitney U-test were used for calculations of differences in continuous variables between groups. Fisher´s exact test was used to calculate differences in dichotomous variables between groups.
Factors intended to study (independent variables) for influence on zonulin levels, namely, age, gender, height, weight, BMI, waist and hip circumference, systolic and diastolic blood pressure, and fasting glucose levels, were initially examined using an unconditional logistic regression to calculate odds ratios (OR) with 95% confidence interval (CI). The reference was set to the lowest category of each variable. Analyses were then performed adjusted for variables with statistical significance according to the initial calculation, i.e., weight, BMI, waist and hip circumference, systolic and diastolic blood pressure, and fasting glucose levels.
In disorders characterized by elevated zonulin levels compared with healthy subjects, the influence of zonulin on disease was further examined with unconditional logistic regression to calculate OR with 95% CI, followed by adjustment for independent confounders. Over-weight and obesity were adjusted for diastolic blood pressure and fasting glucose levels; hypertension was adjusted for waist circumference and fasting glucose levels; hyperlipidemia was adjusted for waist circumference, diastolic blood pressure and fasting glucose levels; and diabetes was adjusted for waist circumference and diastolic blood pressure. In the statistical calculations, the definition of over-weight included all subjects with BMI ≥ 25 kg/m 2 and the definition of obesity included all subjects with BMI ≥ 30 kg/m 2 . A p-value < 0.05 was considered statistically significant.
Conclusions
In this population-based study, we could not detect altered zonulin levels among individuals reporting GI symptoms or GI diseases. On the other hand, higher zonulin levels are associated with higher waist circumference, diastolic blood pressure, fasting glucose levels, increased risk of overweight, obesity, and hyperlipidemia. These data suggest that serum zonulin levels are more dependent on metabolic conditions than on GI diseases.
